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The recent discovery of a light scalar $\documentclass[12pt]{minimal}
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                \begin{document}$$h$$\end{document}$ by ATLAS \[[@CR1]\] and CMS \[[@CR2]\] has been a major step forward in our understanding of electroweak symmetry breaking. The first run of the LHC has established its mass with an accuracy of better than $\documentclass[12pt]{minimal}
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                \begin{document}$$1\,\%$$\end{document}$ and has provided evidence for its scalar nature with spin-parity $\documentclass[12pt]{minimal}
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                \begin{document}$$0^+$$\end{document}$ \[[@CR3]\]. Furthermore, decay rates to gauge-boson pairs show no significant deviations from their Standard Model (SM) values \[[@CR4], [@CR5]\] within the present accuracy of around 20--30 % \[[@CR6], [@CR7]\]. The overall agreement with the Standard Model is so far impressive.

However, theoretical arguments suggest that deviations should be expected. Their absence would actually be rather puzzling and would point to a fine-tuned solution for electroweak symmetry breaking, where the lightness of the Higgs would remain unexplained. Deviations from the Standard Model parameters open the gate to new physics, expected to lie at the Terascale in the form of weakly or strongly coupled new interactions. So far the LHC has been able to test total decay rates of $\documentclass[12pt]{minimal}
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                \begin{document}$$h$$\end{document}$ into gauge-boson pairs. However, LHC run 2, with a substantial increase in luminosity, will provide enough statistics to probe also differential distributions, thereby testing the Standard Model in much greater detail.

In this paper we will study in a model-independent way the impact of new physics in the full angular distribution of $\documentclass[12pt]{minimal}
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                \begin{document}$$h\rightarrow Z{\ell }^+{\ell }^-$$\end{document}$ decay, with the $\documentclass[12pt]{minimal}
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                \begin{document}$$Z$$\end{document}$ on-shell and eventually decaying into a lepton pair. We will argue that $\documentclass[12pt]{minimal}
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                \begin{document}$$h\rightarrow Z{\ell }^+{\ell }^-$$\end{document}$ is a useful channel not only for spin identification \[[@CR8]--[@CR12]\], but also to test nonstandard couplings: it provides a rich 4-body angular distribution with a clean 4-lepton final-state signature. For earlier work see \[[@CR13], [@CR14]\].

Our results can be parametrized in terms of six independent dynamical form factors, which include the effects of virtual electroweak bosons ($\documentclass[12pt]{minimal}
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                \begin{document}$$Z$$\end{document}$) as well as heavier states, whose effects at the electroweak scale are encoded in contact interactions. Since we aim at model independence, we will study the new physics contributions using the effective field theory (EFT) scheme developed in \[[@CR15], [@CR16]\], which is the most general EFT of the electroweak interactions. As opposed to particular models, the resulting set of new-physics coefficients will remain undetermined. However, their natural sizes can still be estimated with the aid of power-counting arguments.

Certain aspects of this decay mode have already been discussed recently \[[@CR17]--[@CR19]\], with a focus on the dilepton-mass distribution. The observation there is that mass distributions can unveil new-physics structures in an otherwise SM-compatible integrated decay rate. This, however, comes at the expense of some fine-tuning in the new-physics parameters. In contrast, by exploiting angular distributions one can identify structures that do not contribute to the integrated decay rate. Thus, one can still be compatible with the SM decay rates without tuning the new-physics parameters.

As opposed to loop-induced processes, such as $\documentclass[12pt]{minimal}
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                \begin{document}$$h\rightarrow Z\ell ^+\ell ^-$$\end{document}$ does not look a priori like a promising testing ground for new-physics effects. As we will show below, they are expected, at most, at the few $\documentclass[12pt]{minimal}
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                \begin{document}$$h\rightarrow Z\ell ^+\ell ^-$$\end{document}$ is, however, an exceptionally clean decay mode and the natural suppression of new physics can be compensated with statistics. In fact, the LHC running at 14 TeV with an integrated luminosity of 3000 fb$\documentclass[12pt]{minimal}
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                \begin{document}$$^{-1}$$\end{document}$ will potentially be sensitive to new-physics effects in $\documentclass[12pt]{minimal}
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                \begin{document}$$h\rightarrow Z\ell ^+\ell ^-$$\end{document}$. Our analysis also shows that CP-odd effects in $\documentclass[12pt]{minimal}
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                \begin{document}$$h\rightarrow Z\ell ^+\ell ^-$$\end{document}$ are expected only at the per-mille level.

The remainder of this paper will be organized as follows: in Sect. [2](#Sec2){ref-type="sec"} we will derive the full angular distribution for $\documentclass[12pt]{minimal}
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                \begin{document}$$h\rightarrow Z{\ell }^+{\ell }^-$$\end{document}$. Expressions for the dynamical form factors in terms of EFT coefficients will be given in Sect. [3](#Sec3){ref-type="sec"}, with a discussion of their expected sizes in both weakly and strongly coupled scenarios. In Sect. [4](#Sec4){ref-type="sec"} we will discuss some selected angular observables. Conclusions are given in Sect. [5](#Sec5){ref-type="sec"}, while an appendix with kinematical details is provided for reference.
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===================================================================================
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                \begin{document}$$h\rightarrow Z \ell ^+\ell ^-$$\end{document}$ decay of a Higgs boson by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varepsilon ^\mu {\mathcal M}_{3,\mu }$$\end{document}$, and for the decay of an on-shell $\documentclass[12pt]{minimal}
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                \begin{document}$$Z$$\end{document}$-boson polarization. The fully differential decay rate for $\documentclass[12pt]{minimal}
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                \begin{document}$$Z(p)\rightarrow \ell ^{'+}(p_1)\ell ^{'-}(p_2)$$\end{document}$, is then given, in the narrow-width approximation, by$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \frac{d\Gamma }{ds\, d\cos \alpha \, d\cos \beta \, d\phi } = \frac{\lambda }{(2\pi )^5\, 2^{10}\, \sqrt{r}\Gamma _Z} \left| {\mathcal M}^\mu _3 {\mathcal M}_{2,\mu }\right| ^2\nonumber \\ \end{aligned}$$\end{document}$$where we have defined$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} r&= \frac{m^2_Z}{M^2_h}\, ,\quad s=\frac{q^2}{M^2_h} ,\nonumber \\ \lambda&= (1+ r^2 + s^2 - 2r - 2s - 2 r s)^{1/2} \end{aligned}$$\end{document}$$and $\documentclass[12pt]{minimal}
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                \begin{document}$$Z$$\end{document}$. The kinematics is further discussed in Appendix A.

For massless leptons the decay amplitudes can be written as ($\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} {\mathcal M}_{2,\mu } = i \bar{u}(p_2)\gamma _\mu (g_V - g_A \gamma _5) v(p_1). \end{aligned}$$\end{document}$$The form of the amplitude in ([3](#Equ3){ref-type=""}) is valid through next-to-leading order (NLO) of the general electroweak effective Lagrangian described in \[[@CR16]\] and in Sect. [3](#Sec3){ref-type="sec"}. The form factors $\documentclass[12pt]{minimal}
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                \begin{document}$$s$$\end{document}$. The global normalization of the amplitude has been chosen such that in the Standard Model at leading order $\documentclass[12pt]{minimal}
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Summing over the final-state lepton polarizations gives$$\documentclass[12pt]{minimal}
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With sufficient data, a general fit to the angular distribution of the four final-state leptons could in principle extract all nine terms $\documentclass[12pt]{minimal}
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Form factors from effective Lagrangian {#Sec3}
======================================

In order to estimate the form factors $\documentclass[12pt]{minimal}
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With these definitions one has at leading order \[[@CR16], [@CR26], [@CR27]\]$$\documentclass[12pt]{minimal}
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The operators above give the most general direct contributions to the vertices of Fig. [1](#Fig1){ref-type="fig"}, but they also lead to a renormalization of the fields and parameters \[[@CR28], [@CR29]\]. These effects will be consistently included in all our results. As the fundamental electroweak parameters we will employ $\documentclass[12pt]{minimal}
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Observables and form factor determination {#Sec4}
=========================================
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With the LHC running at 14 TeV and with an integrated luminosity of 3000 fb$\documentclass[12pt]{minimal}
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These estimates could be made more precise by analysing the size of the backgrounds associated to the specific angular dependences. Such an analysis goes beyond the scope of the present paper, but naively they should be substantially reduced as compared to the total decay rate \[[@CR11], [@CR41]--[@CR43]\]. In this case, $\documentclass[12pt]{minimal}
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Conclusions {#Sec5}
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We have studied, in a general and systematic way, how the decay $\documentclass[12pt]{minimal}
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The main points of our analysis can be summarized as follows.We discuss the most general observables arising from the full angular distribution of the 4-lepton final state in $\documentclass[12pt]{minimal}
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Appendix A: 4-body decay kinematics {#Sec6}
===================================

In order to describe the full angular distribution of $\documentclass[12pt]{minimal}
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